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ABSTRACT
HIV-1 efficiently disseminates by cell-cell spread at intercellular contacts called virological synapses (VS), where the virus prefer-
entially assembles and buds. Cell-cell contact triggers active polarization of organelles and viral proteins within infected cells to
the contact site to support efficient VS formation and HIV-1 spread; critically, however, which cell surface protein triggers con-
tact-induced polarization at the VS remains unclear. Additionally, the mechanism by which the HIV-1 envelope glycoprotein
(Env) is recruited to the VS remains ill defined. Here, we use a reductionist bead-coupled antibody assay as a model of the VS and
show that cross-linking the integrin LFA-1 alone is sufficient to induce active T cell polarization and recruitment of the microtu-
bule organizing center (MTOC) in HIV-1-infected cells. Mutant cell lines coupled with inhibitors demonstrated that LFA-1-
induced polarization was dependent on the T cell kinase ZAP70. Notably, immunofluorescent staining of viral proteins revealed
an accumulation of surface Env at sites of LFA-1 engagement, with intracellular Env localized to a Golgi compartment proximal
to the polarizedMTOC. Furthermore, blocking LFA-1-inducedMTOC polarization through ZAP70 inhibition prevented intra-
cellular Env polarization. Taken together, these data reveal that LFA-1 is a key determinant in inducing dynamic T cell remodel-
ing to the VS and suggest a model in which LFA-1 engagement triggers active polarization of the MTOC and the associated Env-
containing secretory apparatus to sites of cell-cell contact to support polarized viral assembly and egress for efficient cell-cell
spread.
IMPORTANCE
HIV-1 causes AIDS by spreading within immune cells and depletion of CD4 T lymphocytes. Rapid spread between these cells
occurs by highly efficient cell-cell transmission that takes place at virological synapses (VS). VS are characterized by striking T
cell remodeling that is spatially associated with polarized virus assembly and budding at sites of cell contact. Here, we show that
the integrin LFA-1 triggers organelle polarization and viral protein recruitment, facilitating formation of the VS, and that this
requires the T cell kinase ZAP70. Taken together, these data suggest a mechanism by which HIV-1-infected T cells sense and re-
spond to cell contact to polarize viral egress and promote cell-cell spread. Understanding how cell-cell spread is regulated may
help reveal therapeutic targets to specifically block this mode of HIV-1 dissemination.
Human immunodeficiency virus type 1 (HIV-1) disseminatesbetween T cells either by cell-free infection or by highly effi-
cient cell-cell spread. Cell-cell spread is the predominant mode of
HIV-1 dissemination and occurs at virus-induced intercellular
contacts known as virological synapses (VS) (1). The HIV-1 VS
can be broadly defined as a receptor-containing adhesive junction,
characterized by the enrichment of the viral proteins envelope
glycoprotein (Env) and Gag in the HIV-infected cell and CD4 and
coreceptor (CCR5 or CXCR4) on the target cell, which are collec-
tively polarized at the contact site (1–4). In addition, adhesion
molecules, such as lymphocyte function-associated antigen 1
(LFA-1), intercellular adhesion molecule 1 (ICAM-1), and inter-
cellular adhesion molecule 3 (ICAM-3), are also enriched at the
VS. Inhibiting either Env-CD4 or LFA-1–ICAM interactions re-
duces VS formation and cell-cell spread (2, 3, 5), suggesting that
both sets of receptor-ligand interactions contribute to driving ef-
ficient HIV-1 dissemination by contact-mediated spread. How-
ever, an outstanding question remains as to whether integrins, as
adhesion molecules, serve simply to stabilize the cell-cell contact,
allowing subsequent receptor interactions to drive VS formation,
or whether they can induce intracellular signaling that facilitates
active VS formation, as is the case for the related human T cell
lymphotropic virus type 1 (HTLV-1) VS (6).
Viral budding and assembly occur preferentially at the site of
cell contact, resulting in highly efficient and rapid infection of the
target T cell (1, 2, 7). Indeed, cell-cell spread of HIV-1 has been
shown to be an order of magnitude more efficient than cell-free
infection (2, 4, 5, 8–11). Additionally, rapid and focused transfer
of virions from one cell to another has been shown to reduce the
window of exposure of HIV-1 to neutralizing antibodies and may
allow evasion of cellular restriction factors or certain antiretroviral
therapies (12–20). Recent intravital microscopy studies have also
reported that HIV-1-infected cells show robust migration and
form stable cell contacts within a humanized mouse model, pro-
viding evidence that cell-cell dissemination could occur in vivo
(21–23). Thus, cell-cell spread confersmany advantages onHIV-1
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and potentially plays an important role in viral replication within
the host.
Contact of a T cell with an antigen-presenting cell (APC) at the
immunological synapse (IS) results in T cell polarization charac-
terized by distinct front and rearmorphologies (24–26) and shares
some similarities with VS (27). During IS formation, polarization
of the microtubule organizing center (MTOC) serves to align the
cytoskeleton and to recruit secretory granules and organelles to
sites of cell-cell contact (25, 26, 28–31). The VS is associated with
striking T cell polarization, with organelles such as mitochondria
and the MTOC being found located proximal to viral budding at
sites of cell contact (32–34). Furthermore, it has recently been
shown that mitochondria are rapidly recruited to VS in response
to cell-cell contact and that this supports efficientHIV-1 spread, as
well as dynamic calcium flux that is suggestive of activation of T
cell signaling at the VS (33). HowHIV-1-infected T cells sense and
respond to contact and what receptors trigger polarization at the
VS remain unclear but have implications for understanding how
HIV-1 disseminates between T cells and for the development of
novel therapeutics to specifically target this mode of viral spread.
In this study, we developed an antibody-coupled bead assay as
a reductionist model of the VS and used theMTOC as amarker to
investigate triggers of polarization at VS. Our results identify the
integrin LFA-1 as a mediator of T cell remodeling and show that,
rather than simply stabilizing cell-cell contacts, LFA-1 signaling
via a ZAP70-dependent pathway induces active T cell polarization
at the VS. Furthermore, we found that the MTOC is spatially as-
sociated with intracellular Env-containing compartments and
that LFA-1 engagement induces copolarization of the MTOC and
intracellular Env locatedwithin the secretory apparatus. Thus, our
results address the hitherto outstanding question of how Env is
recruited to the VS for viral assembly and provide new insight into
cellular processes regulating HIV-1 spread between T cells.
MATERIALS AND METHODS
Cell culture and viruses. The CD4/CXCR4 T cell line Jurkat CE6.1
(from the American Type Culture Collection [ATCC]), LFA-1-negative
Jurkat cells (2.7), LFA-1-negative Jurkat cells expressingwild-type (WT)
LFA-1 (2.7/LFA-1 WT), parental LFA-1-expressing cells (Jn9) (a gift
from L. Klickstein, Harvard University) (35, 36), ZAP70-negative Jurkat
cells (JP116) (37), ZAP70-reconstituted Jurkat cells (JP116 plus ZAP70
WT) (38), Lck-defective Jurkat cells (JCaM1.6) (39), LAT-negative Jurkat
cells (JCaM2) (40), and SLP76-negative Jurkat cells (J14) (41) were cul-
tured in RPMI 1640 suspension cell growth medium (Life Technologies)
supplemented with penicillin (100U/ml), streptomycin (100g/ml), and
10% fetal calf serum (FCS) (Labtech). For experiments with primary cells,
CD4 target cells were obtained fromperipheral bloodmononuclear cells
(PBMC) isolated from buffy coats from healthy HIV-1-seronegative do-
nors using a Ficoll-Hypaque (Sigma) gradient and activated with 1g/ml
phytohemagglutinin (PHA) (Sigma) and 10 IU interleukin 2 (IL-2) (Cen-
tre for AIDS Reagents, [CFAR], National Institute of Biological Standards
and Controls [NIBSC], United Kingdom) in RPMI 1640-20% FCS for 3
days. CD4 T cells were purified by negative selection by magnetic cell
sorting (Miltenyi Biotec) according to the manufacturer’s instructions
and maintained in RPMI 1640-20% FCS, penicillin (100 U/ml), strepto-
mycin (100 g/ml), and 10 IU IL-2.
The HIV-1 clones pNL4.3 WT (donated by Malcolm Martin and ob-
tained from the AIDS Research and Reference Reagent Program [AR-
RRP], National Institutes of Health), pNL4.3 CT (donated by Eric
Freed), and pNL4.3 Env and pNL4.3 Nef (both donated by Richard
Sloan)were used to generate infectious virus by transfecting plasmids into
293T cells using Fugene 6 (Roche). Vesicular stomatitis virus G protein
(VSV-G)-pseudotyped virus was generated by transfecting 293T cells us-
ing Fugene 6 with pMDG (42) and pNL4.3 WT. The virus was harvested
after 48 h and titrated by infectivity assay on HeLa TZM-bl reporter cells
(donated by J. Kappes, X. Wu, and Tranzyme Inc. and obtained from the
CFAR, NIBSC, United Kingdom), using Bright-Glo (Promega). Addi-
tionally, a p24 enzyme-linked immunosorbent assay (ELISA) was per-
formed as previously described (43). Jurkat or primary CD4 cells were
spinoculated at 1,200  g for 2 h at room temperature with NL4.3 at a
multiplicity of infection (MOI) of 0.1 to 0.2, determined by titration on
HeLa TZM-bl cells, and then cultured for 48 to 72 h. For experiments
using VSV-G-pseudotyped virus, Jurkat cells were incubated for 4 h with
the virus at an MOI of 0.15 before being cultured at 37°C for 48 h. Intra-
cellular Gag staining was performed by fixing cells in 4% formaldehyde
and permeabilizing them in BD Perm/Wash buffer (Becton Dickinson),
and HIV Gag was detected using the phycoerythrin (PE)-conjugated an-
tibody RC57-RD1 (Coulter). The cells were used for experiments when 80
to 100% were Gag positive.
Antibody-coupled-bead assays.The antibodies used for bead labeling
were as follows: anti-CD3 clone OKT3 (eBioscience) (44), anti-LFA-1 2
subunit-specific clone L130 (BDBiosciences) (45), anti-LFA-1L subunit
mouse ascites 25.3.1 (45), and anti-ICAM-1 clone LB-2 (BD Biosciences)
(46). Superparamagnetic polystyrene beads (2.8-m diameter) coated
with sheep anti-mouse antibody (DynaBeads M-280 sheep anti-mouse
IgG)were coupledwith primarymouse antibody (0.1g/106 beads; 1/400
for ascites antibodies). The correct coupling of a saturating amount of
antibody to the beadswas confirmed by flow cytometry. Equal numbers of
T cells and beads were incubated in 1% FCS-RPMI on poly-L-lysine-
coated coverslips for up to 60 min. For some experiments, T cells were
pretreated for 30min with inhibitors before mixing with the beads (1M
cytochalasin D, 1Mnocodazole, or 10Mpiceatannol, all from Sigma-
Aldrich). The cell-bead conjugates were fixed using 4% formaldehyde
(Sigma-Aldrich) before permeabilization with ice-cold 100% methanol
for 5 min or 0.1% Triton X in 5% bovine serum albumin (BSA)-phos-
phate-buffered saline (PBS) for 20min at room temperature (only if stain-
ing for surface Env). The MTOC was stained with rabbit anti--tubulin
(Sigma-Aldrich). For some experiments, intracellular Env was also
stainedwith human anti-gp120 2G12 (Polymun), surface Envwas stained
with human anti-gp41 (50-69; CFAR), and intracellular Gag was stained
with rabbit anti-Gag p24 and p17 (donated by G. Reid and obtained from
theCFAR). Primary antibodieswere detectedwith anti-rabbit-conjugated
secondary antibodies conjugated to Cy3, Cy5, fluorescein isothiocyanate
(FITC), and tetramethyl rhodamine isocyanate (TRITC) (Jackson Immu-
noResearch). Coverslips were mounted in Prolong Gold antifade with
DAPI (4=,6-diamidino-2-phenylindole) (Life Technologies). To quantify
MTOCpolarization, single cell-bead conjugates were identified from ran-
dom fields, and single xy slices through the middle of the cell were ex-
tracted from z-stacks taken through the entire volume of the cell. The cells
were manually divided into equal thirds in relation to the position of the
bead: proximal, middle, and distal. The MTOC was scored as polarized if
it was located in the interface-proximal third of the cell. To quantify viral-
protein polarization in response to the antibody-coupled beads, the same
process was followed. Cells were scored as polarized if there was a signif-
icant accumulation of viral protein in the interface-proximal third of the
cell. As an additional alternative measure of polarization, the distance of
the MTOC from the site of the cell-bead interface in single cell-bead con-
jugates was measured manually for each conjugate in micrometers using
Huygens Professional version 4.0 software.
VS preparation and immunostaining.HIV-1-infected primary CD4
T cells were incubated with an equal number of autologous uninfected
target T cells that had been loaded with CellTrace CFSE or calcein violet
dye (Life Technologies) according to themanufacturer’s instructions. Cell
contacts were allowed to form at 37°C in 1% FCS-RPMI on poly-L-lysine-
coated coverslips for 60 min. The cells were fixed in 4% formaldehyde for
30 min at 4°C. The cell contacts were permeabilized with ice-cold 100%
methanol for 5 min according to published methods (1). The primary
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antibodies were rabbit anti--tubulin (Sigma-Aldrich), mouse anti--
tubulin (Sigma-Aldrich), mouse anti-Gag p24 clone 313 (donated by G.
Reid and obtained from the CFAR, NIBSC, United Kingdom), human
anti-gp120 2G12 (Polymun), mouse anti-giantin 9B6 (Abcam), mouse
anti-lamp1 H4A3 (developed by J. T. August and J. E. K. Hildreth and
obtained from the Developmental Studies Hybridoma Bank, University
of Iowa, Iowa City, IA, USA), mouse anti-EEA-1 clone 14 (BD Biosci-
ences), and rabbit anti-Rab11a (a gift from Scott Lawrence). Primary an-
tibodies were detected with anti-rabbit- or anti-mouse-conjugated sec-
ondary antibodies conjugated to Cy3, Cy5, FITC, and TRITC (Jackson
ImmunoResearch). Coverslips were mounted in Prolong Gold antifade
with DAPI (Life Technologies).
Microscopy. Laser scanning confocal microscopy imaging was per-
formed using a Leica SP confocal microscope, and the images were ana-
lyzed using the Leica Application Suite Advanced Fluorescence Lite Ver-
sion 2.2 and Metamorph V7. Alternatively, immunofluorescence (IF)
microscopy was performed using a DeltaVision Elite image restoration
microscope (Applied Precision) coupled with an inverted Olympus IX71
microscope and a CoolSnap HQ2 camera. Images were acquired and de-
convolved with softWoRx 5.0. Processing and analysis were performed
using Huygens Professional version 4.0, ImageJ, and Adobe Photoshop 7.
Colocalization analysis. Single xy slices through the middle of
z-stacks of HIV-1-infected and uninfected T cell doublets were taken, and
the imageswere deconvolved using softWoRx. To quantify colocalization,
the Pearson correlation coefficient values were calculated using the Im-
ageJ coloc 2 plug-in. The plug-in generates a scatter plot showing the
pixel-by-pixel intensities of two fluorescent channels, and the Pearson
coefficient is generated by dividing the covariances of each channel by
their standard deviations. For each staining condition, 20 cell doublets
from two independent experiments were analyzed. The Pearson coeffi-
cients reported are means and standard errors of the mean (SEM).
SDS-PAGE andWestern blotting.Uninfected Jurkat cells (3 106 to
5 106) were lysed in RIPA buffer containing protease inhibitor cocktail
(Roche) and PhosStop (Roche). Lysates from equal numbers of cells were
loaded on 10% Tris-glycine gels. Proteins were separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins
were transferred onto nitrocellulose and blocked in Tris-buffered saline
(TBS), 0.1% Tween 20, and 5% skim milk. The blots were probed using
rabbit total ZAP70 (Cell Signaling Technology), rabbit total SLP76 (Cell
Signaling Technology), rabbit total LAT (Cell Signaling Technology), rab-
bit total Lck (Cell Signaling Technology), mouse anti-GAPDH (glyceral-
dehyde-3-phosphate dehydrogenase) (Abcam), or rabbit anti-actin
(Sigma). The primary antibody was detected using polyclonal goat anti-
rabbit or anti-mouse horseradish peroxidase (HRP) (Dako). Chemilumi-
nescence was detected using the ECL Western blotting system (GE
Healthcare). If necessary, blots were stripped and washed before reprob-
ing for additional proteins.
Statistical analysis. When comparing normally distributed data un-
der two different conditions, statistical significance was calculated using
the Student t test. For multiple comparisons, statistical significance was
calculated using the parametric analysis of variance (ANOVA) test with
Bonferroni correction. Significance was assumed when the P value was
	0.05. All tests were carried out with GraphPad Prism 6 software.
RESULTS
The integrin LFA-1 triggers MTOC polarization in HIV-1-in-
fected T cells. To determine the plasma membrane triggers of T
cell polarization at the VS, HIV-1-infected Jurkat cells weremixed
with dye-loaded primary CD4 target T cells at a 1:1 ratio and
incubated at 37°C for 60 min before formaldehyde fixation and
antibody staining to visualize the MTOC and viral Gag protein;
the latter is a well-defined marker of VS formation (1–3, 7, 33). A
VS was defined as a doublet composed of an HIV-1-infected Gag-
positive cell and an uninfected target T cell, with Gag enriched at
the contact site in the infected cell (Fig. 1A). TheMTOC is known
to be polarized at VS and was used as a marker for organelle po-
larization within the HIV-1-infected cell (32–34) (Fig. 1A). Con-
tacts were scored as polarized if the MTOC was located in the
interface-proximal third in the HIV-1-infected cell. Figure 1A
confirms that infected cells forming aVSwith an uninfected target
cell were significantly more likely to have the MTOC polarized
toward the contact site than were two uninfected cells in contact
(target-target [T-T] control) (71% polarized VS, 12% polarized
T-T control contacts; Student’s t test; P
 0.0001) (Fig. 1B). Ad-
ditionally, the distance of the MTOC from the site of cell-cell
contact was measured in micrometers and was found to be signif-
icantly closer in VS than in T-T controls (2.1-mVS; 4.1-mT-T
control contacts; Student’s t test; P	 0.0001) (Fig. 1C), confirm-
ing that the MTOC is localized at the VS.
To identify specific triggers of polarization at VS, antibody-
coupled beads were used as a reductionist model of the synapse.
Magnetic beads were coupled to antibodies specific for receptors
of interest and then incubated with HIV-1-infected Jurkat cells,
stained, and analyzed by IF microscopy. Single cell-bead conju-
gates were scored as polarized if the MTOC was within the inter-
face-proximal third of the cell (Fig. 1D), as described in Materials
and Methods. Image analysis software was also used to measure
the distance of the MTOC from the cell-bead interface. We tested
receptors known to be involved in synapse formation. First, the
adhesion molecules LFA-1 and ICAM-1 were examined. Notably,
while LFA-1 and ICAM-1 are enriched at the VS (2, 3, 5), whether
this interaction simply serves to stabilize cell-cell contacts or
whether it plays a more specific role by inducing “outside-in”
signaling into cells to facilitate T cell remodeling and VS forma-
tion remains unresolved. To investigate the effects of engagement
of LFA-1, an antibody specific to the LFA-12 subunit (L130) (45)
was used. As a positive control forMTOCpolarization, we used an
antibody against CD3 (OKT3) (44), a component of the TCR
complex, since it is well established that the MTOC is recruited to
the T cell immunological synapse by engagement of T cell receptor
(TCR) (28, 47). Uncoupled “null” beads were used as a negative
control. As expected, cross-linking CD3 induced HIV-1-infected
T cells to polarize the MTOC to the cell-bead interface (59% of
cells polarized with anti-CD3 beads compared to 24% polarized
with null beads; one-way ANOVA; P	 0.0001). Notably, incuba-
tion with anti-LFA-1 2 beads also resulted in significantly more
MTOC polarization than incubation with null beads (47% polar-
ized with anti-LFA-1 2 beads and 24% polarized with null beads;
one-way ANOVA; P 	 0.01). Although fewer cells polarized in
response to LFA-1 engagement than in response to CD3, the fre-
quencies were not significantly different (P  0.05). In contrast,
cross-linking ICAM-1 did not induce significant polarization.
Furthermore, uninfected Jurkat cells incubated with anti-LFA-1
2 beads did not show this polarization phenotype, indicating that
LFA-1-induced polarization is potentiated by HIV-1 infection
(29% of uninfected T cells polarized compared to 47% of HIV-1-
infected Jurkat cells; one-way ANOVA; P	 0.05) (Fig. 1E).
Measuring the position of the MTOC relative to the cell-bead
interface supported these data. Consistent with CD3 engagement
providing the strongest stimulus, the MTOC was closest to the
interface under these conditions (2 m from the interface) and
furthest away under the null condition (3.5 m from the inter-
face). InHIV-1-infected Jurkat cells incubatedwith anti-LFA-12
beads, the MTOC was located significantly closer to the cell-bead
interface than when incubated with null beads (2.7 mwith anti-
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LFA-1 compared to 3.5 m with null beads; one-way ANOVA;
P 	 0.01). Additionally, uninfected Jurkat cells incubated with
anti-LFA-1 2 beads had their MTOCs significantly further away
from the cell-bead interface, reflecting a nonpolarized phenotype
(2.7 m in HIV-1-infected Jurkat cells compared to 3.6 m in
uninfected Jurkat cells; one-way ANOVA; P	 0.01) (Fig. 1F). To
provide some context for these distances, the average diameter of
a Jurkat cell is approximately 8m.We also developed ameasure-
FIG 1 LFA-1 engagement is sufficient to trigger MTOC polarization in HIV-1-infected cells. (A) Using IF analysis, doublets formed from one HIV-1-infected
cell (Gag [green] positive; black asterisk) and one uninfected T cell (blue; white asterisk) that showed polarization of Gag to the contact site were identified as VS.
The MTOC (-tubulin; red) was scored as polarized if it was aligned at the interface-proximal third of the HIV-1-infected cell. DIC, differential interference
contrast. (B) Quantification of the percentages of contacts with a polarized MTOC in VS (n
 45) and uninfected target-target (T:T) control contacts (n
 40).
(C) Distance of the MTOC from the cell contact site in VS (n 
 45) and T-T contacts (n 
 38). (D) Representative image of an HIV-1-infected Jurkat T cell
conjugated with an antibody-coupled bead and stained for theMTOC (-tubulin; red). (E) Beads with no antibody (negative control [Null]; n
 91) or coupled
with anti-CD3 (positive control; n
 106), anti-LFA-1 2 subunit (n
 193), or anti-ICAM-1 (n
 158) were mixed with HIV-1-infected T cells (HIVve) or
uninfected T cells (HIV-ve), mixed with anti-LFA-1 beads (n
 190), and incubated for 60 min. Contacts were scored as polarized if the MTOC fell within the
bead-proximal third of the cell. (F) Distance of the MTOC from the cell-bead contact site. (G) As in panel E, but using HIV-1-infected Jurkat cells mixed with
beads specific for the LFA-1-2 subunit (n
 193) or L subunit (n
 109). (H) Quantification of MTOC polarization in HIV-1-infected mutant or WT Jurkat
cells engaged in a VS with an uninfected target T cell. WT Jurkat cells, n
 30; LFA-1-negative Jurkat cells, n
 30; LFA-1-reconstituted Jurkat cells, n
 30. (I)
Quantification of MTOC polarization in T cells infected with either WT, Env, or Env-CT HIV-1 engaged in contact with an uninfected target T cell. *, P	
0.05; **, P	 0.01; ***, P	 0.001 (three independent experiments). (A and D) Scale bars, 5 m. The error bars represent SEM. Horizontal bars show the mean.
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ment, termed the “polarization index,” that takes into account the
size of a cell and is the ratio between the distance of the MTOC
from the interface and the diameter of the cell. When the polar-
ization indexwas calculated for anti-LFA-1 and anti-ICAM-1 cell-
bead conjugates, it mirrored the results seen in Fig. 1F, supporting
the observation that LFA-1, but not ICAM-1, was associated with
MTOC polarization (data not shown). Together, these data show
that LFA-1 engagement alone is sufficient to trigger T cell polar-
ization in HIV-1-infected Jurkat cells.
The integrin LFA-1 is a transmembrane heterodimer com-
posed of two subunits, 2 and L (48). Upon ligand binding, the
cytoplasmic tail of 2 contributes to outside-in signaling via its
interactions with proteins, such as talin and Vav 1 (48). To inves-
tigate if LFA-1-associated polarization inHIV-1-infected cells was
associated with the active 2 component, HIV-1-infected Jurkat
cells were incubated with antibody-coupled beads specific to the
2 subunit or theL subunit. Figure 1G shows that cells incubated
with the anti-2 beads were significantly more likely to be polar-
ized (47%polarizedwith anti-2 compared to 29%polarizedwith
anti-L; Student’s t test; P
 0.001), confirming that induction of
polarization in HIV-1-infected T cells is mediated by the active 2
subunit of LFA-1. As anti-L beads did not trigger a polarization
effect, they were used in further assays as a negative control.
To investigate if LFA-1 was required for T cell polarization in
response to cell-cell contact, a cell-based assay using mutant Jur-
kat derivative cell lines was employed. LFA-1-negative Jurkat cells
(J2.7), LFA-1-negative Jurkat cells reconstituted withWTLFA-1
(J2.7/LFA-1 WT), or the parental LFA-1-expressing cells (Jn9)
(35, 36) were infected with HIV-1, mixed with dye-loaded pri-
mary CD4 target T cells for 60min at 37°C, and analyzed by IF. VS
(as defined above) were scored as polarized if the MTOC was
found in the interface-proximal third of theHIV-1-infected T cell.
Because LFA-1-negative cells show reduced, but not completely
abolished, Gag recruitment and VS formation (5), it was possible
to use these cells to score MTOC polarization at sites of cell-cell
contact. LFA-1-negative cells showed a significant defect in
MTOCpolarization atVS (71%ofWTcompared to 27%of LFA-1
negative cells; one-way ANOVA; P	 0.0001) that was rescued by
restoring LFA-1 expression (27% in LFA-1-negative compared to
60% in LFA-1-reconstituted cells; P	 0.01) (Fig. 1H), confirming
the importance of LFA-1 binding for contact-induced polariza-
tion in HIV-1-infected T cells at the VS.
In addition to integrins, the HIV-1 envelope glycoprotein
(Env) is expressed on the surface of HIV-1-infected T cells, and
binding to CD4 on opposing target T cells is a key requirement for
VS formation (1–4). To investigate whether Env contributes di-
rectly to contact-induced polarization in HIV-1-infected T cells,
the cell-based VS assay was again employed. CD4 T cells were
infected with WT or VSV-G-pseudotyped Env HIV-1, mixed
with dye-loaded autologous CD4 target T cells for 60min at 37°C,
and analyzed by IF (Fig. 1l). As expected, infected cells not ex-
pressing HIV-1 Env (Env) showed a profound defect in MTOC
polarization at infected cell-target cell contacts compared to WT
HIV-1 VS, which is consistent with a lack of stable cell-cell con-
tacts and VS formation (1–4). Importantly, T cells infected with a
variant of the NL4-3 molecular clone with a 144-amino-acid de-
letion in the cytoplasmic tail (HIV-1Env-CT) (49) showed no de-
fect inMTOC polarization. This deletion leaves only a small portion
of Env-CT, anchoring it in the cell membrane and permitting CD4-
coreceptor binding via gp120, but removes anypotential cytoplasmic
signaling domains. Thus, we conclude that direct signalingmediated
by the Env-CT is not required to recruit theMTOC, whereas surface
Env-gp120 expression is necessary in order to engage CD4 T cells
and establish stable contacts for subsequent T cell remodelingmedi-
ated by cell-cell receptor interactions.
LFA-1-induced MTOC polarization is an active process.
Next, we sought to confirm that LFA-1-associated polarization in
infected cells was an active process indicative of signaling and not
simply due to the MTOC already being positioned close to a
plasma membrane domain enriched in LFA-1 at which antibody-
coupled beads could preferentially bind. To do this, HIV-1-in-
fected Jurkat cells were conjugated with antibody-coupled beads
for 15 or 60 min before formaldehyde fixation and staining to
visualize the MTOC. Figure 2A shows a time-dependent increase
in MTOC polarization in response to LFA-1 2 engagement sug-
gestive of active recruitment, similar to the positive-control CD3.
In contrast, HIV-1 Jurkat cells conjugated to anti-LFA-1 L, anti-
ICAM-1 beads, or null beads did not show a time-dependent in-
crease in polarization (Fig. 2A). The MTOC is recruited to im-
mune cell contacts in a microtubule-dependent manner (24, 50,
51). Therefore, pharmacological inhibitors were used to disrupt
microtubule and actin networks to provide further evidence to
support active recruitment. Nocodazole is an inhibitor that depo-
lymerizesmicrotubules and can preventMTOC recruitment (52).
Cytochalasin D is an inhibitor of actin polymerization and so
should not affect MTOC movement (53). HIV-1-infected Jurkat
cells were pretreated with either drug for 30 min or left untreated
and then incubated with antibody-coupled beads for 60 min be-
fore staining to visualize the MTOC. Nocodazole treatment sig-
nificantly inhibited polarization induced by anti-CD3 and anti-
LFA-1 2 beads. In contrast, cytochalasin D had little effect (Fig.
2B). Taken together, these data show that the MTOC is actively
trafficked in response to LFA-1 engagement in a manner that re-
quires a functional microtubule network in HIV-1-infected cells.
LFA-1 induces active MTOC recruitment in HIV-1-infected
primaryCD4T cells.While Jurkat T cells provide a reliablemodel
for HIV-1 infection and VS formation (1–3, 7, 33), we wished to
confirm these data using primary T cells. To do this, antibody-
coupled bead assays were also performed using HIV-1-infected
primary CD4 T cells. Figure 2C shows that, similar to Jurkat cells,
anti-LFA-1 2 engagement induced polarization so that the
MTOC was located significantly closer to the bead-cell interface
than with null beads (1.6 mwith anti-LFA-1 2 beads versus 2.8
mwith null beads; one-way ANOVA; P	 0.0001). Additionally,
uninfected primary T cells incubated with anti-LFA-1 2 beads
were found to have theMTOC significantly further away from the
cell-bead interface, which is indicative of HIV-1 infection condi-
tioning cells to polarize, similar to Jurkat T cells (1.6-m interface
distance with anti-LFA-1 2 beads in HIV-1 primary T cells com-
pared to 2.6 m in uninfected T cells; one-way ANOVA; P 	
0.0001). Again, anti-LFA-1 L beads did not induce significant
polarization. Interestingly, anti-ICAM-1 beads were associated
with a polarized phenotype in primary cells (1.3-m average dis-
tance from the interface) (Fig. 2C). To explore this in more detail,
a time course analysis in which cells were conjugated with anti-
body-coupled beads for 15 or 60minwas performed. As expected,
either anti-CD3 or anti-LFA-12 induced a significant increase in
polarization over time (anti-CD3, 40% increase in polarization
over time [Student’s t test; P 	 0.0005]; anti-LFA-1 2, 39% in-
crease in polarization over time [Student’s t test; P 	 0.0001])
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FIG 2 The MTOC is actively and specifically recruited in response to LFA-1 engagement in HIV-1-infected T cells. (A) HIV-1-infected Jurkat cells were
incubated with beads with no antibody (Null) (n
 58), anti-CD3 (n
 51), anti-LFA-1 2 subunit (n
 90), anti-LFA-1 L subunit (n
 57), or anti-ICAM-1
(n
 112) for 15 or 60 min; fixed; and stained for the MTOC. The MTOC was scored as polarized when it was found in the interface-proximal third of the cell.
(B) Quantification of polarization in HIV-1-infected Jurkat T cells pretreated for 30 min with 1 M nocodazole (Noc) or 1 M cytochalasin D (CytoD) or left
untreated (UT) before being incubated with beads for 60min and stained as described for panel A. Null, n
 90; anti-CD3, n
 110; anti-LFA-1 2 subunit, n

120; anti-LFA-1L subunit, n
 88; and anti-ICAM-1, n
 123. (C)HIV-1-infected primary CD4 T cells (HIVve) were incubated with beads with no antibody
(Null) (n 
 81) or anti-CD3 (n 
 45), anti-LFA-1 2 subunit (n 
 102), anti-LFA-1 L subunit (n 
 51), or anti-ICAM-1 (n 
 107) beads for 60 min.
Additionally, anti-LFA-1 2 subunit beads were mixed with uninfected primary CD4 T cells (HIV-ve) (n
 142). The distance of the MTOC from the cell-bead
interfacewasmeasured. (D)HIV-1-infected primaryCD4T cells were incubatedwith beadswith no antibody (Null) (n
 111) or anti-CD3 (n
 86), anti-LFA-1
2 subunit (n
 151), anti-LFA-1 L subunit (n
 134), or anti-ICAM-1 (n
 113) beads for 15 or 60 min; fixed; and stained for the MTOC. The MTOC was
scored as polarized when it was found in the interface-proximal third of the cell. (E) Quantification of polarization in HIV-1-infected primary CD4 T cells
pretreated for 30 min with 1 M nocodazole (Noc) or 1 M cytochalasin D (CytoD) or left untreated (UT). The cells were then incubated with beads with no
antibody (Null) (n
 68) or anti-CD3 (n
 44), anti-LFA-1 2 subunit (n
 58), anti-LFA-1 L subunit (n
 93), or anti-ICAM-1 (n
 102) beads for 60 min
and stained as for panel D. *, P	 0.05; **, P	 0.01; ***, P	 0.001 (three separate donors and three independent experiments). The error bars represent SEM.
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(Fig. 2D). Importantly, engaging ICAM-1 did not increase polar-
ization over time, suggesting that there is no active recruitment of
the MTOC. To further analyze MTOC recruitment in HIV-1-
infected primary CD4 T cells, the inhibitors nocodazole and cy-
tochalasin D were again used to interfere with microtubule or
actin polymerization. As expected, nocodazole abrogated CD3-
and LFA-1 2-induced polarization (25% reduction; Student’s t
test; P	 0.05) but had no effect on anti-LFA-1L or anti-ICAM-1
(Fig. 2E). Together, these data show that engaging LFA-1 actively
recruits theMTOCalongmicrotubules to sites of cell contact inHIV-
1-infected primary CD4 T cells, in agreement with our observations
in Jurkat T cells. Because ICAM-1 engagement is associated with a
polarized phenotype but without the requirement for active MTOC
trafficking, we conclude that anti-ICAM-1 beads likely bind to a
plasma membrane compartment that is enriched in ICAM-1 and
already spatially associated with the MTOC; thus, signaling through
ICAM-1 does not induce active polarization. This membrane do-
mainmaybe theuropodthat inpolarizedprimaryTcells contains the
MTOC and is enriched in ICAM-1 and Gag (54).
LFA-1-induced polarization in HIV-1-infected T cells pro-
ceeds through a pathway involving the T cell kinase ZAP70.Ac-
tive LFA-1-induced T cell polarization is indicative of localized
synaptic signaling. To investigate downstreammediators, we took
advantage of a panel of Jurkat cell lines defective in key cellular
proteins involved in T cell remodeling and organelle polarization
at immune cell contacts (55, 56). Specifically, we interrogated
ZAP70 (37), SLP76 (41), LAT (40), and Lck (39), which are key
regulators of T cell signaling pathways in response to immune cell
interactions (57). Western blot analysis confirmed the phenotype
of the cells (Fig. 3A), andnearly 100% infection of the cell lineswas
achieved by using VSV-G-pseudotyped NL4-3 (Fig. 3B). Next,
flow cytometry analysis was used to quantify surface LFA-1 ex-
pression in the cell lines.With the exception of LAT-negative cells,
all the cell lines expressed LFA-1 (Fig. 3C). Next, HIV-1-infected
WTor signaling-defective cells were incubatedwith anti-LFA-12
beads for 60 min, and MTOC polarization was scored as previ-
ously described. Figure 3D shows that ZAP70-negative cells were
significantly impaired in LFA-1 2-induced MTOC polarization
to sites of cell-cell contact (one-way ANOVA; P 
 0.01), but no
defect was seen in the absence of SLP76 or Lck. Since LAT-nega-
tive cells did not express LFA-1, the failure of these cells to polarize
was expected. Restoring expression of ZAP70 in negative Jurkat
cells completely rescued LFA-1-induced MTOC polarization in
HIV-1-infected cells to WT levels (Fig. 3E). To confirm the im-
portance of ZAP70, HIV-1 primary CD4 T cells were pretreated
with piceatannol, a Syk kinase inhibitor that has been shown to
specifically inhibit the activation of ZAP70 (58). Treatment with
10Mpiceatannol resulted in reduced polarization of theMTOC
at sites of LFA-1 engagement (52% polarized contacts with di-
methyl sulfoxide [DMSO] control; 25% polarized contacts with
piceatannol treatment; P
 0.05) (Fig. 3F). Taken together, these
data indicate that LFA-1-induced polarization at the VS proceeds
down a pathway requiring ZAP70 in HIV-1-infected T cells.
LFA-1-inducedTcell remodeling is associatedwithpolariza-
tionof viral proteins.Toexamine the consequencesofLFA-1cross-
linking for polarized virus assembly at the VS, antibody-coupled-
bead assays were performed using HIV-1-infected primary CD4 T
cells coupled with immunofluorescent staining for surface Env
(monoclonal antibody [MAb] 50-69) and intracellular Gag. Infected
cellswere incubatedwithbeads for5, 15,or60min, andcontactswere
scored as polarized if there was a significant accumulation of viral
protein at the cell-bead interface. Unfortunately, the staining condi-
tions required topermeabilize andvisualize theMTOCby IF result in
poor surface Env staining; therefore, we quantified viral protein po-
larization at the cell-bead interface in the absence of concomitant
MTOC polarization. Despite this, it was striking that anti-LFA-1 2
beads induced a 6-fold increase in the enrichment of surface Env and
intracellular Gag to the cell-bead interface over time (4% of contacts
at 5 min; 25% of contacts at 60min; P
 0.0003) (Fig. 4A and B). In
contrast and as expected, uncoupled null beads induced no recruit-
ment of surface Env or intracellular Gag to the cell-bead interface
(Fig. 4A). Likewise, anti-LFA-1L beads did not induce viral-protein
recruitment (8% of contacts at 5min; 7% of contacts at 60min; P
0.05) (Fig. 4A and B).
Little is known about how Env is recruited to the VS. In con-
trast, Gag has been better studied, and it has been reported that the
nucleocapsid domain is required to direct Gag to plasma mem-
brane compartments enriched in uropod markers, termed uro-
pod-directed microdomains (UDMs) (54). As Gag multimerizes,
the highly basic region in the matrix domain promotes its target-
ing to specific UDMs containing PSGL-1, CD43, and CD44 (59).
These UDMs have been suggested to carry Gag to the uropods of
infected T cells, which forms a prepolarized Gag assembly plat-
form that can participate inVS formation (54). As the intracellular
route that Env takes to the VS remains unclear, we decided to
further investigate the relationship between Env and T cell polar-
ization induced by LFA-1. Notably, while analyzing intracellular
Env staining, we observed that intracellular Env-positive com-
partments were very frequently clustered around the polarized
MTOC. Quantification of this revealed that 91% (6%) of pri-
maryCD4T cells in contact with anti-LFA-12 beads inwhich the
MTOC was polarized to the contact site showed this staining pat-
tern (Fig. 4C). Figure 4C shows xz and xy images of a three-dimen-
sional (3D)-volume reconstruction of a polarized HIV-1-infected
T cell in contact with an anti-LFA-1 2 bead built using z-stacks
taken 0.2 m apart in which Env (green) is clearly seen clustered
in a compartment around the MTOC (red). We frequently ob-
served this compartment taking a ring-like shape with the MTOC
located in the central hole. Importantly, blocking MTOC polar-
ization by inhibiting ZAP70 with piceatannol prevented the re-
cruitment of intracellular Env in response to LFA-1 cross-linking,
with Env remaining clustered around the nonpolarized MTOC
(Fig. 4D), indicating a functional coupling of MTOC and intra-
cellular Env recruitment to the VS.
Intracellular Env localizes to aGolgi compartment proximal
to theMTOC at the VS. To further investigate theMTOC-associ-
ated Env-positive compartment, we performed IF microscopy
and costained for intracellular organelles. HIV-1-infected pri-
mary CD4 T cells were incubated with autologous target cells,
fixed, permeabilized, and stained for Env (MAb 2G12); the
MTOC (- or-tubulin); and either theGolgi (giantin), lysosome
(lamp 1), early endosome (EEA-1), or recycling endosome
(Rab11a) compartments, which reflect the intracellular itinerary
of newly synthesized and endocytosed Env (60). Analysis of VS
with the MTOC polarized to the contact site revealed that Env
predominantly colocalized with the Golgi marker giantin in a
compartment proximal to the polarized MTOC (Pearson coeffi-
cient for Env/giantin
 0.61 0.08) (Fig. 5A). Partial colocaliza-
tion of Env was also seen with the early endosome marker EEA-1
(Pearson coefficient for Env/EEA-1
 0.24 0.08) (Fig. 5C) and
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the recycling endosome marker Rab11a (Pearson coefficient for
Env/Rab11a
 0.25 0.05) (Fig. 5D). In contrast, there was little
colocalization between Env and the late endosome/lysosomal
marker lamp 1 (Pearson coefficient for Env/lamp 1
 0.07 0.02)
(Fig. 5B), consistent with efficient Golgi network retrieval of Env
following endocytosis from the plasma membrane (61). Taken
together, these data show that intracellular Env is associated close
to theMTOC, withmost steady-state Env localized to theMTOC-
proximal Golgi network that copolarizes to the VS in response to
cell-cell contact.
DISCUSSION
Cell-cell contact at the VS is associated with extensive T cell re-
modeling, with organelles such as mitochondria and the MTOC
reorienting to be proximal to the site of viral egress (32, 33). We
have previously shown that calcium-dependent T cell remodeling
FIG 3 LFA-1-induced polarization proceeds through a pathway involving the T cell kinase ZAP70 in HIV-1-infected T cells. (A) Western blot analysis of
uninfected WT Jurkat cells and JP116 (ZAP70-negative), J14 (SLP76-negative), JCaM2 (LAT-negative), and JCam1.6 (Lck-negative) Jurkat cells. (B) WT and
mutant Jurkat cells were infected with VSV-G-pseudotyped HIV-1, and the percentage of Gag HIV-1-infected cells was quantified by flow cytometry. (C)
Surface LFA-1 expression onWT, ZAP70-negative (ZAP70-ve), SLP76-negative (SLP76-ve), LAT-negative (LAT-ve), and Lck-negative (Lck-ve) Jurkat cells was
quantified by flow cytometry. (D) Quantification of polarized contacts. HIV-1-infectedWT (n
 55), ZAP70-ve (n
 62), SLP76-ve (n
 53), LAT-ve (n
 53),
or Lck-ve (n
 64) Jurkat cells were incubatedwith anti-LFA-12 beads. (E) (Left) Quantification of polarized contacts. HIV-1-infectedWT (n
 47), ZAP70-ve
(n
 91), or ZAP70ve (n
 72) Jurkat cells were incubated with anti-LFA-1 2 beads. (Right)Western blot analysis of uninfectedWT, JP116 (ZAP70-ve), and
JP116 ZAP70 (ZAP70ve) Jurkat cells. (F)HIV-1-infected primaryCD4T cells were pretreatedwithDMSO (n
 29) or piceatannol (n
 30) for 30min before
incubation with anti-LFA-1 2 beads and then quantifying polarization by IF analysis as described previously. *, P	 0.05; **, P	 0.01; ***, P	 0.001 (the data
are from two independent experiments). The error bars represent SEM.
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during cell-cell contact is required for efficient HIV-1 dissemina-
tion between T cells. However, the triggers and pathways involved
in this process are currently unknown and may have implications
for future antiviral strategies to specifically target cell-cell spread.
Furthermore, while the requirement for LFA-1/ICAM in VS for-
mation has been demonstrated by many studies (2, 3, 5), the pre-
cise role of LFA-1/ICAM at the VS remain unclear. Here, we show
that engagement of the T cell integrin LFA-1 is sufficient to ac-
FIG4 LFA-1-inducedT cell remodeling is associatedwith polarization of viral proteins. (A) Beadswith no antibody (Null) (n
 225) or coupledwith anti-LFA-1
2 (n
 215) or anti-LFA-1 L (n
 192) were incubated with HIV-1-infected primary CD4 T cells for 60 min and then stained for intracellular Gag and surface
Env. Contacts were scored as polarized if there was a significant accumulation of Env and Gag at the cell-bead interface. (B) (Top) Representative image of
HIV-1-infected primary CD4T cells incubatedwith anti-LFA-12 beads and stained for intracellular Gag and surface Env. (Inset) Example of a cell-bead contact
with polarized Env and Gag at the cell-bead interface. (Bottom) As in the top image, but using anti-LFA-1 L beads. The arrows depict cell-bead contacts with
Env and Gag enriched at the interface, the white arrowheads indicate contacts with Env or Gag alone, and the black arrowheads indicate unpolarized contacts.
(C) (Left) Representative images of a single section through themiddle of an HIV-1-infected T cell–anti-LFA-1 2 bead contact stained for intracellular Env and
the MTOC. The MTOC is polarized toward the site of cell contact, and intracellular Env clusters around it. (Right) Two separate images of a 3D reconstruction
built from a z-stack composed of pictures taken at 0.2-m intervals through the same cell shown in the IF image on the left. DAPI stain was used to define the top
and bottom limits of the cell. The graph on the left shows quantification of contacts with polarizedMTOC that also showEnv copolarization. (D)HIV-1-infected
primary CD4 T cells were pretreated with DMSO or piceatannol for 30 min before incubation with anti-LFA-1 2 beads. Single cell-bead conjugates were
identified and scored for MTOC and intracellular Env polarization in relation to the bead interface. The IF images are representative single xy slices. Unlabeled
scale bars, 5 m. ***, P	 0.001 (three separate donors and three independent experiments). The error bars represent SEM.
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tively recruit the MTOC in HIV-1-infected T cells to the VS; that
this is mediated by the 2 subunit of LFA-1, which is the known
signaling component of LFA-1 (48, 62, 63); and that LFA-1-in-
ducedT cell polarization requires the kinase ZAP70. In addition to
inducingMTOCpolarization, LFA-1 cross-linkingwas also found
to recruit viral proteins. Most notably, we found that intracellular
Env is localized in aGolgi compartment proximal to theMTOC at
the VS and that inhibition of MTOC polarization by pharmaco-
logical blockade of ZAP70 signaling also results in loss of intracel-
lular Env clustering at sites of cell contact.
Our data suggest a model (Fig. 6) in which physical contact
between an unpolarized HIV-1-infected T cell and a suitable tar-
get T cell triggers remodeling that is mediated, at least in part, by
LFA-1 signaling into the infected cell through aZAP70-dependent
pathway. This remodeling provides a trigger for T cell polarization
and a focal point for the recruitment of MTOC-associated organ-
elles that support cell-cell spread, including the Golgi compart-
ment that resides proximal to theMTOC, thus potentiating deliv-
ery of intracellular Env to the plasmamembrane (PM) to facilitate
full VS formation and polarized virus assembly and budding for
FIG 5 Intracellular Env is localized to a Golgi compartment proximal to the MTOC at the VS. Using IF analysis, doublets formed from one HIV-1-infected
primary CD4 T cell (bottom) (intracellular-Env [red] positive) and one uninfected T cell (top) that showed polarization of intracellular Env and MTOC to the
contact site were identified as VS. The cells were stained for the Golgi marker giantin (green) (A), the lysosomal marker lamp 1 (green) (B), the early endosome
marker EEA-1 (green) (C), or the recycling endosome marker Rab11a (green) (D). The images are single xy slices through the middle of the conjugate to locate
the MTOC in the infected cell and are representative examples from two independent experiments and two separate donors. The arrows highlight areas of
colocalization between Env and the protein of interest. Scale bars, 5 m. Env colocalization with giantin, lamp 1, EEA-1, or Rab11a was calculated from at least
20 synapses in which the MTOC was localized at the contact site.
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rapid infection of target cells by cell-cell spread. While contact-
induced T cell remodeling at the VS has been shown to support
efficient viral dissemination (1–3, 7, 33), a significant outstanding
question remained as to how Env is recruited to sites of cell-cell
contact at the VS to support polarized viral assembly and cell-cell
spread.During the course of examiningMTOCpolarization at the
VS, we noticed that intracellular Env was frequently found local-
ized around theMTOC in a ring-like structure. Further analysis of
intracellular compartments revealed that this was the Golgi com-
partment and that most intracellular Env clustered around the
MTOC was colocalized to the Golgi and to a lesser extent to early
and recycling endosomes. Furthermore, LFA-1 binding was able
to trigger the polarization of this intracellular Env clustered
around theMTOC to the contact zone, while inhibition ofMTOC
polarization by pharmacological inhibition of ZAP70 blocked this
and resulted in Env and the MTOC remaining distal to the VS. In
this way, MTOC polarization at the VS may also help facilitate
cell-cell spread by recruiting the secretory apparatus and Golgi
compartment, which contains the majority of Env (60), allowing
specific targeting of Env to the plasma membrane at sites of cell-
cell contact. It should be noted that this model of contact-induced
T cell polarization is entirely consistent with previous work re-
porting Gag localization to uropods and uropod-mediated cell-
cell contact (54), as it provides an explanation for relocalization of
the uropod toward a target cell to form a VS through LFA-1 sig-
naling. Even under conditions where the uropod (which contains
the MTOC) had formed a prepolarized Gag-containing platform
for cell-cell contact (54), the ability of infected T cells to dynami-
cally remodel, depending on the status of the infected cell and
where it forms contact with the target T cell, would afford HIV-1
with the most opportunities to form VS and to spread by highly
efficient cell-cell means.
On T cells, the integrin LFA-1 plays an important role in cell
arrest duringmigration and formation of the immunological syn-
apse (64, 65). The 2 subunit is involved in outside-in signaling
when LFA-1 binds its ligand, ICAM-1 (48). At the immune syn-
apse, it is well known that TCR ligation triggers MTOC recruit-
ment that is required to recruit cellular organelles for polarized
secretion (25, 28, 30, 31, 47). However, it has also been demon-
strated that under certain chemokine conditions, LFA-1 activa-
tion alone can induce fast recruitment of the MTOC and mito-
chondria to a potential APC (64). We now show that HIV-1
infection of T cells can also serve as a necessary stimulus to prime
or condition T cells to undergo contact-induced polarization. The
fact that HIV-1-infected T cells are more prone to polarize in
response to LFA-1 engagement is consistent with previous reports
that describe polarization inHIV-1-infected T cells, but not target
T cells, at the VS (32, 33). Here, we have shown that while surface
Env expression is necessary for polarization at the VS, consistent
with the requirement for Env-CD4 binding in VS formation, the
cytoplasmic tail of Env appears to be dispensable, indicating that
cytoplasmic signaling directly through Env is not required. Be-
cause uninfected CD4 T cells typically form only transient con-
tacts with one another (4), it is likely that Env acts to allow T cells
to form sustained homotypic contacts and that this facilitates pro-
longed engagement of LFA-1 by its ligand, promoting signaling
into the cell to induce T cell remodeling. Further work to define
the viral protein(s) responsible for conditioning infected cells to
polarize would clearly be informative.
LFA-1-induced polarization is indicative of localized signaling,
and this study found that the T cell adaptor ZAP70, but not SLP76
or Lck, is required for this process in both HIV-1-infected Jurkat
cells and primary CD4 T cells. ZAP70 and Lck have been reported
to associate with LFA-1 and are activated by ligand binding (58,
66–68). In support of our results, one other study has also re-
ported that ZAP70-negative cells show a defect in MTOC polar-
ization to the VS (34); however, the molecular mechanisms were
less clear, and the triggers for polarization were not examined.
Here, we provide some mechanistic insight into the requirement
for ZAP70 by linking ZAP70 to a pathway involving cell-cell con-
tact and engagement of LFA-1 that induces T cell remodeling and
FIG 6 Model of contact-induced polarization that facilitates cell-cell spread at
the virological synapse. (A) An HIV-1-infected T cell expressing the envelope
glycoprotein (Env) and LFA-1 and an uninfected target cell expressing CD4,
coreceptor, and ICAM-1 come into contact. (B) The cell contact drives recep-
tor-ligand interactions between Env-CD4/coreceptor and LFA-1–ICAM-1
that are necessary for cell-cell spread at the VS. (C)Magnified view of events at
the contact site. (1) The Env glycoprotein binds to its receptors, CD4 and
coreceptor. This allows two CD4 T cells to form a stable contact. (2) On the
infected cell, LFA-1 is engaged by its ligand, ICAM-1, which is present on the
target cell plasma membrane. This may precede, follow, or be contemporane-
ous with Env-receptor binding. (3) LFA-1–ICAM binding triggers a signaling
event into the infected cell, mediated by the 2 subunit of LFA-1 and proceed-
ing through a pathway involving the kinase ZAP70. (4) This signal acts to
recruit the MTOC and associated organelles containing intracellular Env. (5)
TheMTOCmoves to be proximal to the cell-cell interface, bringing associated
Env-containing components of the secretory apparatus, such as the Golgi
complex. This could allow more focused and rapid trafficking of intracellular
Env toward a contact zone. (6) The infectious-virus assembly is polarized
toward the cell-cell interface, resulting in further elaboration of the VS, di-
rected viral budding, and highly efficient infection of the target cell.
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polarization of organelles and viral proteins, potentially facilitat-
ing VS formation and efficient viral spread. In contrast, the role of
Lck in T cell polarization is less well defined at both the IS and the
VS. At the IS, Lck has been shown by one group (47) to be impor-
tant for polarization, whereas another group found the related Src
family kinase (SFK) Fyn was required for proximal MTOCmove-
ment and that Lck was necessary only for centrosome docking at
the cell interface (56). Additionally, Fyn has been shown to com-
pensate for an absence of Lck signaling at the IS (69). Furtherwork
will be required to determine whether Fyn plays any role in com-
pensating, in part, for the loss of Lck signaling at the VS. More-
over, while we have shown a requirement for LFA-1 in triggering
MTOCpolarization at the VS, the complexity ofmultiple receptor
interactions that occur during cell-cell contact at the VS means
that other cell surface interactions also undoubtedly contribute
functionally to VS formation and efficient HIV-1 cell-cell spread
through activating synaptic signaling. It would clearly be of inter-
est to further define the molecular details of signaling in recruit-
ment of specific viral and cellular proteins to the VS, as this will
provide greater insight into the mechanisms of HIV-1 dissemina-
tion and pathogenesis and potentially reveal future strategies to
specifically target this mode of HIV-1 dissemination.
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